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exists. In addition, the antenna-gain variation in the operating band-
width is found to be less than 2 dBi. Therefore, the proposed design can
give a good solution to the problem of tradeoff between the impedance
bandwidth and antenna-gain variation for the broadband microstrip an-
tenna with an embedded reactive loading.
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Radiation Pattern of a Planar Electromagnetically Coupled
Coaxial Dipole Array Mounted Over a Finite Metallic

Reflected Plate

Qinjiang Rao, Hiroyuki Hashiguchi, and Shoichiro Fukao

Abstract—An efficient numerical method is proposed to analyze the far-
field of electromagnetically coupled coaxial dipole (ECCD) element, and
then uniform physical theory of diffraction (PTD) together with the above
method is applied to investigate the radiation pattern of a novel planar
ECCD array mounted over a finite metallic plate. Finally, as an applica-
tion to the above ECCD array, lower troposphere radar (LTR) is briefly
introduced. The analysis procedure in this paper can also be expected for
optimum design in the systems involving the ECCD array antenna.

Index Terms—Electromagnetically coupled coaxial dipole (ECCD), phys-
ical theory of diffraction (PTD), radiation sidelobes.

I. INTRODUCTION

The electromagnetically coupled coaxial dipole (ECCD) originally
proposed in [1] and [2] is a new type of collinear antenna, it is com-
posed of finite metallic circular pipe acting as radiation element fed
electromagnetically by an annular ring slot on the outer conductor of
the feeding coaxial cable. Fig. 1(a) shows the geometry of the ECCD
array antenna, their collinear arrangement in the axial of coaxial cable
with in-phase excitation gives an array performance. As a novel radi-
ation element shown in Fig. 1(b) with structural simplicity, the ECCD
has potential for easily constructing a large phased array in many fields,
such as wireless communication and atmosphere observations. How-
ever, literatures up to now show that available theoretical analysis [1],
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Fig. 1. (a) Geometry of the ECCD array antenna [1]. (b) Rotationally
symmetrical electric and magnetic current on the perfectly finite cylindrical
pipe of an ECCD element [1].

[2] to the ECCD has a disadvantage of practical applications, that is,
one must deal with infinite integrals that involve cylindrical functions,
and numerical processing is relatively complicated. In addition, the so-
lutions of the above method involves only about one element and a lim-
ited linear�4 element array in free space with very electrically small
radius and an approximate half-wavelength length for the circular pipe
of radiating element. As for its validity for a large array, it has not been
certified so far. As a result, practical applications to a large ECCD array
have been desiring.

Our first objective in this paper is to apply an alternative numerical
method to analyze radiation pattern of the ECCD element. Compared
to other method [1], the method in this paper has more abroad suit-
able ranges for geometry of the circular pipe and has also advantages
of more simple and explicit procedure but without loss of accuracy.
The basic idea is that magnetic current from the slot on the outer sur-
face of a coaxial cable shown in Fig. 1(b) is interpreted as an incident
wave on the circular pipe of the ECCD, and then excites the current
distribution on the pipe. This distribution will be determined by ap-
plying electric current integration equations. Therefore, the far-field of
the induced current on the pipe, known as the scattered field, can be
obtained. The secondary objective here is to propose a large 22 by 24
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Fig. 2. Comparison of the ECCD radiation patterns simulated by using two
kinds of methods. Length of a circular pipe= 0 42 , diameter of the pipe
= 0 46 .

planar ECCD array which is oriented in the horizontal plane, parallel
to a finite metallic reflected plate below the array, and then to analyze
radiation pattern of the above system by using the uniform physical
theory of diffraction (PTD), and furthermore, to investigate the possi-
bility to reduce radiation sidelobes of the ECCD array by adjusting the
height of the array over the plate. Finally, based on the above analysis,
L band lower troposphere radar (LTR), as a practical application to the
ECCD array, is briefly introduced.

II. ECCD ELEMENT RADIATION FIELD

As shown in Fig. 1(b), the magnetic current from the slot on the
outer conductor of a coaxial cable is interpreted as an incident wave
on the circular pipe of the ECCD. The magnetic frill generator was
first introduced to calculate the near as well as the far-zone field from
a coaxial aperture [3]. Applying this mode, the slot is replaced with a
circumferentially directed magnetic current that exits over an annular
aperture with inner radiusa, which is the radius of the outer conductor
of the feeding coaxial cable, and outer radiusb, which is chosen to be
the radius of the metallic circular pipe of the ECCD, as shown in Fig. 1.
Due to very small radius of the coaxial cable, compared to operating
wavelength, the electric field over the annular aperture of the magnetic
frill generator can be represented by

Ef = ~a�
Vi

2� ln(b=a)
(a � � � b) (1)

the corresponding equivalent magnetic current densityMf for the mag-
netic frill generator used to represent the aperture is equal to

Mf = �2~n� Ef = �~a�
Vi

�0 ln(b=a)
(a � � � b): (2)

The near-field generated by the magnetic frill generator on the surface
of the metallic circular pipe is found by [3]
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Fig. 3. (a) Comparison of radiation patterns between ECCD (=
0 001 ) and a half-wavelength dipole. (b) Comparison of radiation
patterns between ECCD (= 0 001 ) and a half wavelength dipole. (c)
Comparison of radiation patterns between ECCD (= 0 001 ) and a
half wavelength dipole.
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Fig. 4. Element arrangement of a 22 by 24 planar ECCD array (unit: millimeters).
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whereR0 =
p
z2 + a2.

Let an incident waveEi(r) impinge on the circular pipe shown in
Fig. 1(b), and induce a linear current densityJs on the surface, the
induced current re-radiates and produces an electric fieldEs(r), there-
fore, the total fieldEt(r) in space is the sum of the incident and the
scattered field

E
t (r) = E

i (r) +E
s(r): (4)

If the observation point is moved to the metallic pipe, the total tangen-
tial electric field vanishes for perfectly conducting surface.

To obtain current distribution, we introduce a current integration
equation
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Ei is given by (3). Once the current contribution on the circular pipe
of the ECCD is known, radiating electronic field can be obtained by
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for the far-field

E � �j!A (10)

wherek = !2�", � is permeability," is dielectric constant,R is the
distance from any point in the source to the observation point.

In order to check the above procedures, we compare the ECCD ele-
ment patterns obtained by using the above method and other method,
respectively. Fig. 3 shows a good agreement. To further illustrate the
influence of the geometry of circular pipe of the ECCD on its radiation
pattern, we also simulate radiation patterns of the ECCD with different
circular radii and lengths. It appear from Fig. 3(a)–(c) that radiation pat-
tern of an ECCD element is fully identical to that of a half wavelength
dipole if the radius of its circular pipe is less than 0.025 wavelength
and its length is equal to 0.5 wavelength.

III. FIELD SCATTERED BY A FINITE METALLIC PLATE MOUNTED

BELOW THE ECCD PHASED ARRAY

In this section, a planar 22 by 24 ECCD array is introduced as shown
in Fig. 4 where each array is composed of twenty-four rows of ECCD
linear array, and each row includes 22 basic ECCD radiation elements,
each row is further subdivided into two subelements. By controlling
the phase of the phase shifter, we can steer the beam in the different
direction.

To reduce low elevation sidelobes, we propose a finite metallic re-
flected plate parallel to and under the array. Due to edge diffraction
from a finite plate, we will see that it is crucial how to select suitable
array height over the plate.

Uniform PTD technique is used to investigate the field scattered by
a finite metallic plate mounted below the ECCD array. The total field
in space can be obtained [4]

E =EPO + E
d
UTD �E

d
POF = EPO +E

d
PTD (11)

EPO =E
i + E

s
PO (12)

E
s
PO =2

s

~n�H
i

ds (13)
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Fig. 5. (a) Effects of height of a 22 by 24 ECCD (= 0 025 , =

0 009 , length= 0.5 ) array over a square plate on radiation pattern.
The sidelength of the plate is 18.1818. The height of the array over the plate
is 0.25 and 2 for bottom line and top line, respectively. There is no plate
for middle line.

wheres is surface area of a scatterer,Ei is the total radiation field
contributed by every array element, it can be given by using superpo-
sition approach after neglecting mutual coupling among elements due
to the beam directed broadside.EPO is physical optics field,Ed

UTD

andEd
POF is diffraction field of uniform geometry optics and uniform

physics optics due to finite edge,Ed
PTD is the total diffraction field in

PTD, the general definition and related formula for the above param-
eters can also be found from [5]. But it should be noted that the sta-
tionary phased points along the four edges of the plate are just chosen
as diffraction points for calculating diffraction fields in the two prin-
cipal planes, namelyE andH .

As PO field, let the plate to be divided intoN segments and the center
of theith segment to be located at(xi; yi; zi), and then the total field
at theith segment can be obtained by

H
i =

M

k=1

H
i
k(xi; yi; zi) =

M

k=1

�

1

j!�
r� E

i
k (14)

whereEi
k is the electric field at the center of theith segment due to

thekth element in the array which is obtained from (9),M is the total

(a)

(b)

Fig. 6. (a) L band LTR at the Shigaraki MU Observatory of Kyoto University.
(b) Two perpendicular 22 by 24 ECCD (= 0 025 , = 0 009 ,
length= 0.5 ) array mounted 0.25 over a reflected plate of 4 m by 4 m
(18.1818 ), the very small holes are just for drainage.

number of array elements. Therefore, the total current on theith seg-
ment can be written as the following:

JPO (i) = 2 ~ni �H
i = �

2

j!�

M

k=1

~ni �r� E
i
k

for illuminated parts of the surface (15)

=0; for shadow parts (16)

where~ni is an unit outer normal vector of theith segment. After
knowing the induced current on theith segment, the total PO scattered
field in space contributed byN segments is therefore given by

E
s
� (total) =

N

i=1

E
s
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4�R

N

i=1
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IV. M ODELING RESULTS AND APPLICATION

In simulation samples, we adopt a 22 by 24 ECCD array and all
element spacing is 0.70�0, �0 is operating wavelength in free space.
Four diffraction points, located at inE andH principal planes, are
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selected for simulating diffraction fields since the geometry of the plate
and the ECCD array is symmetrical.

We investigate the possibility to reduce sidelobes of the ECCD array
by mounting a finite reflected plate below the array. It is well known
that dipoles with infinite ground plane can achieve the maximum gain
if the height of dipoles over the ground is 0.25 wavelength. Extensive
calculations in this paper have indicated that a finite reflected plate with
an appropriate size can also achieve the same effects for increasing
gain and reducing sidelobes as an infinite plate. It has been observed
from Fig. 5 that the height of 0.25 wavelengths actually achieves a
greatly reduced sidelobes as well as the maximum gain. This is because
the diffraction by finite edges of the plate is quite small, compared to
reflection from the surface of plate. The total scattering field over the
above half-space of a finite plate is almost equal to the sum of two
parts, one is from the direct radiation of antennas and the other from
full reflection due to the ground plate. The above results are just desired
for some radars to increase gain and to block ground clutter signals.

Based on the above simulations, we adopt a 22 by 24 planar ECCD
array to the LTR shown in Fig. 6. The LTR is a 1.36-GHz pulse-mod-
ulated monostatic Doppler radar with an active phased array system,
where the antennas consists of two rectangular arrays, they are perpen-
dicularly superimposed corresponding to two linear polarization. The
configuration of each array is the same as that mentioned in Section III.
The nominal peak power is 2 kW (the maximum average power is 400
W), which is produced by 24 solid state power amplifiers (transmitter
modules). The LTR has been successfully operated at the Shigaraki MU
radar observatory of Kyoto University for the lower atmosphere obser-
vation.

V. CONCLUSION

An efficient analysis procedure is presented for exactly modeling the
far field of ECCD element. One of its advantages is that one need not
handle infinite integrals raised [1] for the process is based on Pock-
lington type of formulation that only involves closed form of Green’s
functions in free space. This allows the proposed analysis process in
this paper to be easily applied to various ECCD elements with different
lengths and radii of circular pipe. Owing to its advantages of simply
constructed and clear physical meanings, the procedure in this paper,
compared to available methods from other literatures, can also be more
easily applied in engineering.

The equivalent model derived from the analysis for the ECCD ele-
ment can result in the simplification for the computation of the radiation
pattern of the ECCD under some special conditions, and therefore can
increase computation efficiency.

It is fully novel configuration in the ECCD application to mount a
large ECCD planar array over a finite metallic reflected plate with a
suitable height so as to achieve reduced radiation sidelobes of array
antenna. The uniform physical theory of diffraction, being hybrid with
the proposed method for the ECCD element, has handled successfully
the scattered far field of this system, the proposed height for ECCD
array antenna over the plate is practical useful.

The proposed ECCD array configuration in the LTR is only a start for
ECCD array application. Authors believe that the related configuration
can also be expected to application in other fields, such as based station
antennas for wireless communications.
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Radar Cross Section of Stacked Circular Microstrip
Patches on Anisotropic and Chiral Substrates

V. Losada, R. R. Boix, and F. Medina

Abstract—Galerkin’s method in the Hankel transform domain (HTD) is
applied to the determination of the radar cross section (RCS) of stacked cir-
cular microstrip patches fabricated on a two-layered substrate which may
be made of a uniaxial anisotropic dielectric, a magnetized ferrite or a chiral
material. Concerning the case of stacked patches printed on magnetized
ferrites, the results show that substantial RCS reduction can be achieved
inside the tunable frequency band where magnetostatic mode propagation
is allowed. It is also shown that both the frequency and the level of the RCS
peaks obtained for circular patches fabricated on anisotropic dielectrics or
chiral materials may be substantially different from those obtained when
substrate anisotropy or substrate chirality are ignored.

Index Terms—Anisotropic media, chiral media, ferrites, microstrip an-
tennas, scattering.

I. INTRODUCTION

Although the standard configuration for a microstrip antenna in-
volves one single conductor patch, two stacked conductor patches are
sometimes employed for obtaining either dual-frequency operation [1]
or increased bandwidth operation [1], [2]. Concerning the topic of scat-
tering from microstrip antennas, we should say that as the radar cross
section (RCS) of military platforms is reduced by geometrical shaping
and the use of composite radar absorbing materials, the scattering from
the antennas mounted on such structures may give the most impor-
tant contribution to the overall RCS. Bearing in mind that microstrip
antennas are very suitable for use on aircraft vehicles owing to their
light weight and conformability, different results were published in the
past for the RCS of single microstrip antennas both on conventional
isotropic dielectric substrates [3] and nonconventional substrates with
dielectric and magnetic anisotropy [4], [5]. The feeding and radiation
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